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Abstract: High levels of turbulent stresses
resulting from disturbed blood flow may
cause damage to the formed elements of
blood. The purpose of this study was to
evaluate quantitatively the turbulent stress
distribution downstream of the St. Jude
Medical aortic valve - both in vivo and in
vitro. Reynolds normal stresses (RNS) were
measured in 1.5 patients undergoing open
heart surgery using pulsed Doppler
ultrasound. Turbulent shear stresses (TSS)
were measured in a pulsatile flow model
using laser Doppler anemometry. Both
studies showed elevated levels of turbulent
stresses in the central orifice close to the

replacement in Aarhus University Hospital.

In 9 patients blood velocity measurements were
performed in the ascending aorta 5-6 cm downstream of
the aortic valve (- 1.5 vessel diameter) using a new
pulsed Doppler ultrasound (PDU) transducer consisting
of a half circular PVC shell with two holes to fit two
10 MHz ultrasonic probes, directed at measuring points
along a diameter perpendicular to the vessel axis to
obtain the radial velocity component.
By changing the range gate delay (depth), switching
between the two probes and rotating the shell from 00
to 900, the radial velocity component was measured in
5 points along 4 diameters, covering most of the cross
sectional area in 17 measuring points (5).

In order to evaluate the axial distribution of

hinge mechanism, with magnitudes
sufficient for sublethal and/or lethal damage

turbulence in the ascending aorta, PDU measurements

to red blood cells and

diameter perpendicular to the vessel axis at different
locations from the valve ring in 6 patients. 20 heart
cycles were recorded in each of 5 equally distributed
points along the vessel diameter at 7 downstream
positions seperated by 10 mm.

platelets.

INTRODUCTION

were performed with one handheld probe along

a

Damage to blood elements seems to be associated
with the magnitude, the exposure time and the spatial
distribution of the turbulent shear stresses (TSS).
According to in vitro studies the critical TSS levels for
lethal erythrocyte and thrombocyte damage is 150-400
N/m2 for exposure times within physiological ranges
(1).Numerous in vitro studies have clearly

measuring points by calculating the radial Reynolds
normal stresses (RNS) within 50 ms overlappin g 60Vo)
time windows during the systole.
In vitro stud)t: The 27 mm St. Jude aortic valves
were studied in the aortic position in the Georgia

demonstrated TSS values downstream of different types

Institute of Technology left heart pulse duplicator

of artificial heart valves sufficiently high to

system.
The experiments were conducted at a heart rate of 70
beats/min, a systolic time of about 300 ms, a mean

cause

sublethal and/or lethal damage to blood cells (2-4).

The question is whether these in vitro results
obtained in mock circulation loops are comparable to
results that would be obtained in the real situation,
where the valve is functioning in the human
circulation.
Therefore, the purpose of the present study was to
evaluate and compare the turbulent stress distributions
downstream of the St. Jude Medical bileaflet aortic
valve prosthesis, in vivo and in vitro.

Turbulence analysis was performed

for

each

to 100 mmHg, and a cardiac
output of 6 l/min. Data were collected immediately
downstream from the valves at three different instances
during systole: (l) halfway through the acceleration
phase; (2) at peak systole; and (3) halfway through the
deceleration phase. The instantaneous flow rates at these
times were 18,34 and 18I/min, respectively.
aortic pressure of 90

The velocity and turbulent shear

stress

measurements were conducted using a three-beam (i.e.,

MATERIAL AND METHODS

In vivo study. The in vivo part of the study
comprised 15 patients, ages 48 to 75 years, referred
with the primary diagnosis of aortic valve stenosis.
They all underwent open heart surgery for aortic valve

two-dimensional) DISA 55X modular laser Doppler
anemometer (LDA) system, in both the forward and
back-scatter modes.

The two velocity components

measured

simultaneously, were perpendicular to each other and
formed a 45 degree angle with the axial velocity
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component. These two velocity components were
decomposed and appropriately combined during the data

processing operations to obtain the axial and radial
velocity components and the turbulent shear stresses

diameter downstream of the valve ring, all RNS values
have to be normalized to estimated values as obtained

0.5 vessel diameters downstream of the valve.
Therefore, the measured in vivo RNS values were

(2e).

multiplied by a factor of 4 to estimate RNS values 0.5

RESULTS

diameters downstream of the valves. The maximum in
vivo normalized RNS measured downstream of the SJM
valves was 164 N/m2 (ranging from 108 N/mz to 252

In_vno sUdl= The highest RNS were rypically
found at locations along the central slit near the right or

left vessel walls. The maximum local RNS at peak
systole ranged from 27 to 63 N/m2. The elevated levels

of RNS were maintained from peak systole to halfway
during the deceleration phase (- 100 ms).

The lowest RNS values were seen at the two
locations corresponding to the centers of the two side
orifices. The peak systolic spatial mean RNS values
ranged from 6 to 24 N/m2. The mean increase of the
turbulent stresses from 1.5 diameters downstream to 0.5
diameters downstream of the valve was approximately
4 times.
In vitro stud)t. Turbulent shear stress measurements
showed that high turbulent shear stresses occurred at
locations of high velocity gradients and at locations
immediately distal to the valve leaflets. The flow along
the centerline plane became more disturbed as the flow
traveled from 8 to 13 mm downstream of the valve. The
peak turbulent shear stresses measured along the
centerline plane at peak systole were 115 and 150 N/m2
at 8 and 13 mm downstream of the valve, respectively.
The turbulent shear stresses measured along the off
centerline plane were higher than those measured along
the centerline plane. The peak turbulent shear stresses
measured at peak systole off centerline, 8 and 13 mm
downstream of the valve were about the same. The
spatially averaged turbulent shear stresses were also
about the same at peak systole (100 N/mz). The
maximum turbulent shear stress measured in the central
orifice, 170 N/m2, occurred at peak systole.

DISCUSSION

N/m2). The in vitro RNS values varied from 250 to
450 N/m2. The differences between the in vivo and in

vitro results is probably due to different flow and
pressure conditions, different size of valve and vessel
diameters and most importantly, the time-window used
to calculate the Reynolds stresses were smaller for the
in vitro investigations than for the in vivo study.
CONCLUSION

The in vivo and in vitro studies showed very
similar results. The elevated levels of turbulent stresses
were observed from peak systole to halfway through the
deceleration phase, both in vivo and in vitro with
magnitudes sufficient for sublethal and/or lethal damage
to blood elements. Therefore, the St. Jude Medical
valve design will unfortunately not eliminate the
vexing clinical problems of hemolysis,
thromboembolic complications or valvular thrombosis.
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